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Abstract 
In 2003, 267,000 Americans received total knee replacements prohibiting high 
impact athletics for the remainder of a patient’s life.  A better understanding of the 
movement and constraint of the knee is necessary to provide more realistic motion of or 
possibly eliminate the need for joint prosthetics.   
Fixed Orientation Displacement Workspaces (FODW) can be applied to study the 
relationship of the passive constraint system and six (6) degree of freedom (DOF) 
movement of the human knee.  A FODW consists of the volume of possible positions the 
tibia/fibula can occupy relative to a fixed femur without changing the relative orientation 
of the bones.  Theoretical models of the FODW provided a promising snapshot of knee 
kinematics.  
A Displacement Workspace Test Station (DWTS) for mapping FODWs was built.  
An in vitro articular joint completes the loop between a strain gauge-based six (6) axis 
load cell and a 6 DOF manipulandum mounted to a fixed reference frame.  The joint is 
hand manipulated while a C++ program, Armtalk, operates applications that sample and 
filter both manipulandum position/orientation and load cell output signals at over 500Hz.  
Armtalk automatically stores raw data points at 2 Hz or upon a user foot-pedal signal.  
Forces and moments acting at the joint and its angular orientation are added to each raw 
data point by algorithms in a spreadsheet.  The algorithms select points that represent a 
particular FODW according to a user specified range of acceptable joint forces and 
moments and bone orientations.  The Cartesian coordinates of individual FODW data 
points are input into a NURBS-based CAD program for visualization. 
 ix
The DWTS has a 0.2286 mm positional accuracy, a 200 N capacity, and a 0.075 
mm/kN compliance.  A 2 DOF test checked the Armtalk application and calculated the 
DWTS angular accuracy to be 0.008°.  To calibrate the load cell, moment and force 
scaling factors of 0.00922 in lb/unit and 0.00554 lb/unit were calculated, respectively.  
The spreadsheet algorithms successfully reduced data in a 6 DOF test.  The CAD 
program modeled workspaces from 2 and 6 DOF tests with a 1.3 % volumetric accuracy.  
The apparatus is ready to map FODW of articular joints.   
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Chapter 1. Introduction 
In 2003 19.4 million Americans visited physicians because of knee problems; 9.5 
million went on to visit orthopedic surgeons.  A knee injury is the most common reason 
for a patient to visit an orthopedic surgeon.  An estimated 200,000 Americans each year 
suffer from Anterior Cruciate Ligament (ACL) tears, making it the leading cause for 
orthopedic surgeon visits.  Tears of the Posterior Cruciate Ligament (PCL), Tibial 
Collateral Ligament (TCL), and the menisci are the second, third, and fourth leading 
causes, respectively.   
For all of these tears, the first line of treatment is RICE; rest, ice, compression, 
and elevation.  For small tears, RICE accompanied by anti-inflammatory medication can 
provide the conditions necessary for the knee to heal itself over a period of weeks.  
However, for a complete separation tear of the ligament, reattachment or reconstruction 
surgery are required.  Over 100,000 ACL reconstructions are preformed every year 
(AAOS 2003).   
After many years, torn cartilage and ligaments as well as bone fractures lead to 
degeneration of the knee cartilage.  As the knee degenerates, the full range of motion 
becomes limited and severe pain develops (ISOST 2006).  Each year 300,000 Americans 
have total knee replacement surgery as a result of knee degeneration.  Most patients are 
60 to 80 years old, but some patients are as young as 16.  The goal of knee replacement 
surgery is to improve knee motion; however restoration of full motion is uncommon.  
With current total knee replacement technology there is no possibility of jogging or high 
impact sports for the rest of the patient’s life.  Most patients’ knee replacements will 
allow for near straightening of the joint and enough movement to traverse stairs and get 
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in and out of cars.  Discomfort kneeling and a soft clicking during walking are common.  
These hindrances are considered acceptable alternatives to the limited movement and 
severe pain most patients experienced prior to surgery (AAOS 2003). 
Since the first knee replacement surgery in 1968, there have been great advances 
in the function and longevity of artificial knee joints.  Despite the advance, normal wear 
and tear on the artificial joints still causes loosening where the cement or metal meets the 
patient’s bone.  A loose artificial joint causes unbearable pain and leads to an additional 
surgery to revise the knee replacement.  Some implants will last as long as 20 years while 
others may last less than five years.  On average, artificial knees will provide 12-15 years 
of service (ISOST 2006).   
With each revision surgery more of a patient’s original bone is removed to 
provide a fresh surface for prosthesis bonding.  A 16 year old receiving total knee 
replacement could anticipate five or more revisions in a lifetime.  In such cases bone loss 
is a serious obstacle.  A better understanding of the movement and constraint of the knee 
is necessary to provide more realistic and reliable motion of or possibly eliminate the 
need for joint prosthetics. 
Movement of the knee involves simultaneous passive and active constraint.  
Forces produced by stimulation of muscle are active constraints because the body must 
expend energy to produce these forces.  Forces produced from compression on cartilage 
and bone surfaces or tension in ligaments are passive constraints.  The techniques 
described in this study focus primarily on the passive constraint system.  The body does 
not expend any energy in passively constraining the knee.   
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Due to their similarities, canine stifle joints can be studied to gain insight to the 
kinematics of human knees.  Primary passive constraint in both joint types comes from 
three bones, four ligaments, and contact of the two menisci with the articular cartilage.  
Their complex joint anatomy allows for six (6) degree of freedom (DOF) movement. 
The concept of Fixed and Variable Orientation Displacement Workspaces 
(FODW and VODW) can be applied to study articular joint kinematics.  This technique 
was proposed by Murphy (1990) and extended by Zhang (1995), Omeltchenko (1997, 
1998) and Fuller (2000).  A FODW consists of the volume of possible positions the 
tibia/fibula can occupy relative to a fixed femur without changing the relative orientation 
of the bones.  The VODW is the Boolean intersection of all of the FODWs for a given 
joint.  Models of the a FODW based on measured knee geometry, including ligament rest 
lengths, insertion locations, and articular surface geometry provided a promising snapshot 
of knee kinematics.  Theoretical workspace models have not yet been physically 
validated.  Once validated, an application of spatial kinematics could lead to the 
evaluation of both the Twist and Wrench Workspaces for a joint.  This will give 
information on the instantaneous motion and constraint within the joint. 
A workstation for physically mapping multiple FODWs was built.  Woo’s work 
(Woo 1996) with robotics in the biomechanics field is the inspiration for this approach.  
Woo pioneered using a robotic workstation for in vitro testing of knees to measure 
ligament forces.  This new system contains a strain gauge-based six (6) axis load cell and 
a 6 DOF manipulandum mounted to a fixed reference frame.  An in vitro articular joint 
completes the loop between the load cell and the manipulandum.  Linear and angular 
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accuracy as well as load capacity and workstation compliance criteria and are defined and 
met by the individual workstation components.   
In the workstation, the joint is manipulated by hand through multiple FODWs 
while a C++ program, Armtalk, operates separate applications that sample and filter 
manipulandum end effector position and orientation signals as well as load cell output 
signals at over 500Hz.  Armtalk samples and stores raw data points either at a default 2 
Hz or upon a foot-pedal press by the user.  Corresponding forces and moments acting at 
the joint and the angular orientation of the bones are calculated and added to each raw 
data point using a spreadsheet template.  This spreadsheet algorithm selects points that 
represent a particular FODW from the complete set of data points according to a user 
specified range of acceptable joint forces and moments and bone orientations.  The 
Cartesian coordinates of the individual FODW data points are formatted for input into 
Rhinoceros (v 3.0, Robert McNeel & Associates, Seattle, WA), a NURBS-based CAD 
program for visualization.   
The load cell was calibrated because the Armtalk software bypassed the 
manufacturer’s built in calibrations.  The software operation and angular accuracy of the 
DWTS was checked in a 2 DOF test.  To test the spreadsheet’s data reduction capabilities 
a 6 DOF test was preformed.  Maximum and minimum load values were used in addition 
to a specified range of orientation angles to separate points into FODW files.  Finally, to 
test the IP curve multi-surface graphing technique, the workspaces from both the 2 DOF 
test and 6 DOF tests were modeled and compared to the anticipated workspaces. The 
apparatus is ready for mapping VODW and FODW of articular joints.   
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Brief descriptions of the anatomy of the human knee and the canine stifle joint are 
provided in Chapter 2.1.1 and 2.1.2, respectively.  An overview of the techniques used to 
study articular joint movement as well results from an in vivo experiment are discussed in 
Chapter 2.2.  An overview of these workspace concepts and theoretical models can be 
found in Chapter 2.3.  Spatial kinematics are described in Chapter 2.5. Woo’s 
biomechanical experiments and other influences are discussed in Chapter 2.4.  Linear and 
angular accuracy as well as load capacity and workstation compliance criteria for the 
individual workstation components are defined in Chapter 3.  The test station’s data 
processing methods are described in Chapters 4.1 – 4.3; data graphing techniques are 
discussed in Chapter 4.4. The load cell calibration tests are discussed in Chapter 5.1. 
Chapter 5.2 discusses a software operation check and angular accuracy test of the DWTS 
using a 2 DOF test specimen.  Chapter 5.3 discusses a 6 DOF test of the spreadsheet’s 
data reduction capabilities and graphing technique.   
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Chapter 2. Background 
2.1. Knee and Hinge Joint Kinematics 
Biomechanics is the study of the mechanical laws relating to the movement or 
structure of living organisms (OED 2003).  This research focuses on the biomechanics of 
the knee.  The knee joint is composed of bones, ligaments, cartilage, and muscles. 
2.1.1. Human Knee 
There are four bones in the human knee joint, shown in Figure 2.1.  The femur, 
the largest bone in the human body, spans from the hip to the knee.  The tibia spans from 
the knee to the ankle and provides the majority of the structural support to the lower leg.  
The fibula is the smaller bone on the lateral or external side of the lower leg.  Finally, the 
patella is located anteriorly or in the front of the joint.  It is a small, movable sesamoid 
bone.  
Five major ligaments secure these bones and allow their controlled relative 
movement.  The patella ligament connects the patella to the tibia.  The fibular collateral 
ligament (FCL) or lateral collateral ligament (LCL) is located laterally to the joint and 
connects the fibula to the femur.  The tibial collateral ligament (TCL) also known as the 
medial collateral ligament (MCL) is located on the side of the joint closest to the central 
axis of the body or the medial side, connecting the femur to the tibia.  Located between 
the condyles of the femur are the anterior cruciate ligament (ACL) and the posterior 
cruciate ligament (PCL).  These smooth protrusions of the lower femur are known as the 
condyles.  The PCL connects the medial femoral condyle to the posterior or rear section 
of the tibial spine.  The ACL connects the lateral femoral condyle to the anterior tibial 
spine.  These ligaments restrain rotation as well as anterior/posterior translation of the 
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tibia relative to the femur (Figure 2.2).  Also, small ligaments connect the head of the 
fibula to the tibia.  These ligaments do not constrain the general motion of the knee. 
Cartilage is a flexible-elastic tissue found in the body.  Its purpose is to reduce 
frictional wear and diffuse stresses between bones.  Articular cartilage is the cartilage on 
the contact surfaces of any two adjacent bones in a synovial joint.  In the knee, tough 
fibrocartilage allows for articulation without damaging the bone surfaces.  The medial 
and lateral menisci are concave disks located below the femoral condyles as seen in 
Figure 2.2.  The LCL helps hold the lateral meniscus in place while the medial meniscus 
is partially secured by the MCL.  Small transverse ligaments also help secure the menisci 
to the tibia.  The collagen-based cartilage is a living tissue.  Additional lubrication is 
provided by a synovial membrane which surrounds all bones of the knee.  The synovial 
membrane is separated into two minor sacks by the patellar ligament (AAOS 2003).   
 
 
 
 
Figure 2.1: Lateral view of a 
human right knee showing the 
four bones.  (Medweb 2003) 
 Figure 2.2:  An anterior view of a human right 
knee showing ligaments and cartilage.  (AAOS 
2003) 
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The loss of cartilage in a joint is called arthritis; there are three major types of 
arthritis.  Typically, healthy cartilage does not bear load directly, it traps synovial fluid 
which forms a fluid bearing.  In the painful condition of osteoarthritis, the cartilage 
breaks down causing bone on bone contact.  The etiology of the breakdown is not known.  
Over time the cartilage can wear away.  It can be compounded by the growth of bone-
spurs.  These calcium deposits are found on the condyles of the bones where bone-to-
bone contact occurs.  Rheumatoid arthritis is an autoimmune disease in which an 
inflamed and thickened synovial membrane produces too much synovial fluid, filling the 
joint space. The inflammation can damage cartilage, possibly leading to cartilage loss, 
pain, and stiffness.  Post-traumatic arthritis occurs after a serious knee injury. A knee 
fracture or severe tears of the knee ligaments may damage the articular cartilage over 
time, causing knee pain and limiting knee function (AAOS 2003).  
Muscles crossing the knee provide the forces needed to produce human 
locomotion and support the knee.  Muscles are bundles, bands, or sheets of contractile 
tissue.  Twelve muscles cross the knee, nine are biarticular, meaning they cross the hip or 
ankle as well.  
Movement of the knee commonly involves simultaneous passive and active 
constraint.  Forces produced by stimulation of muscle are considered active constraints 
because the body must actively expend energy to produce those forces.  Forces produced 
from compression on cartilage and bone surfaces or tension in ligaments are called 
passive constraints.  The techniques described in this study focus primarily on the passive 
constraint system.  The body does not expend any energy in passively constraining the 
 9
knee.  Due to their similarities, canine stifle joints can be studied to gain insight to the 
kinematics of human knees.   
2.1.2. Canine Knee 
The knee joints of other mammals are commonly studied to try and gain insight to 
the motion and anatomy of the human knee.   Often porcine or equine joints are used as 
demonstrated by Fujie and Woo (Woo 1996).  As an initial test to validate the 
displacement workspace, canine stifle joints will be used as a model for the human knee.  
This comparison is acceptable because the bone and ligament structures are similar.  The 
canine stifle joint contains similar bones to the human knee; the bones also all serve the 
same purposes as their equivalents in humans.  Medial and lateral menisci are found 
below the femoral condyles, just as in humans.  However, the active and passive 
constraint structure is slightly different.   
The canine knee, shown in Figure 2.3, is passively constrained by thirteen 
ligaments.  The patella ligament attaches the patella to the tibia while two smaller medial 
and lateral ligaments fix the patella to the femur.  The cranial cruciate ligament connects 
the lateral femoral condyle to the anterior tibial spine, similar to the human ACL.  The 
caudal cruciate ligament connects the medial femoral condyle to the posterior of the tibial 
cavity, similar to the human PCL.  The fibular collateral ligament and tibial collateral 
ligament secure the femur to the fibula and tibia respectively, similar to the 
corresponding ligaments of the human knee.  However, unlike in the human knee, the 
FCL and TCL do not hold the menisci in place.  In the canine stifle joint there are six 
ligaments holding the medial and lateral menisci in place.  While the number of 
ligaments in the canine knee is much greater than that of the human knee, the major  
 10
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constraint system between the femur, tibia, and fibula is nearly identical.  In each joint 
there are four major ligaments located comparably, which constrain the relative 
movement of the bones (Bailey 1998).   The similar constraint should allow for a similar 
range of motion.   
2.2. Gait Analysis 
The precision of data recording the motion of the femur and tibia during the 
standard gait of a human is controversial.  This is due to the discrepancy in the methods 
used to access the internal workings of the joint.  All of the rigid moving parts are 
covered with soft tissue; therefore, some methods do not yield accurate data while those 
that do tend to be too invasive. 
2.2.1. Methods 
The most accurate technique for gait motion analysis involves the insertion of 
metal pins directly into the femur and tibia (Lafortune 1992, Murphy 1990, Fuller 1997).  
Once inserted, several methods of joint motion analysis are possible.  For in vivo testing 
an array of light emitting diodes (LED), or reflective markers can be placed on the bone 
mounted rod.  A patient fitted with LEDs on bone mounted rods can be seen in Figure 
2.4.  This patient is also fitted with less intrusive skin-fixed markers discussed later.  A 
pair of optoelectronic cameras tracks the motion of the lights then the data is transformed 
into three-dimensional coordinates (Fuller 1997).   Lafortune used high speed cine 
cameras to track the movement of bone fixed reflective markers.  The movement of the 
femur and tibia can be tracked as a series of sequential positions.  However, this method 
causes discomfort to the subject that could lead to an alteration of the normal gait pattern.   
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For in vitro testing, the same metal rods can be attached to a six-degree of 
freedom machine designed to measure the position and orientation of the pins, which can 
be manipulated to give positions and orientations of the attached bones.  Fujie and Woo 
used this technique to measure ligament forces on a porcine knee (Woo 1996).  This 
approach can only be used to accurately measure the passive constraints of the joints, as 
muscles will not function during in vitro testing. 
A less intrusive method is to attach LED or reflective marker arrays directly to the 
skin using the optoelectronic or high-speed cine cameras described earlier.  The skin is 
soft tissue and not rigidly attached to the bone, its motion often does not accurately 
represent the movement of the underlying bones (Fuller 1997).  A new point cluster 
algorithm intended to overcome these flaws was introduced (Andriacchi 1998).  A series 
of markers are placed over the thigh and shank, and tracked using optoelectronic 
 
 
 
Figure 2.4:  This subject is outfitted with both skin fixed and 
bone fixed led markers.  (Fuller 1997) 
 13
 cameras.  Each point is assigned an arbitrary mass, then eigenvectors and eigenvalues are 
calculated for a matrix of tracked points.  As the points move relative to the center of 
mass the eigenvalues and eigenvectors change.  The algorithm changes the mass of 
individual points until the eigenvalues for the matrix stay constant.  The actual rigid body 
motion of the system is defined as the movement of the center of mass of the cluster.  
Andriacchi reported this technique to be promising for future work (2000). 
Alternative methods of data acquisition include magnetic resonance images 
(MRI), which can map out soft tissues as well as bones; computed tomography (CT) 
scans, which are limited to showing only bone structure; and X-ray images, which can 
provide nearly instant 2-D bone positioning images.  The first two techniques require 
minutes to provide a full image of the joint and therefore are not effective to study for in 
vivo joint motion.  CT scans and X-ray both involve exposing the subject to dangerous 
radiation, not an acceptable practice in human testing. 
2.2.2. Gait Data 
The standard for gait analysis is three planes of motion: abduction/adduction, 
flexion/extension, and internal/external rotation.  These are shown in Figure 2.5.  Results 
from in vivo studies conducted using pins connected directly to the femur and tibia, as 
well as a six-axis load cell placed below the heel, showed the following human gait 
characteristics (Murphy 1990).  The data collected show multiple steps with each step 
taking an average of 1.2 seconds.  The motion and force graphs reviewed indicate heel 
strike occurring at 0.25s.  This is assumed as the beginning of the step.  At this time the 
leg is at full extension (flexion = 0°), slightly externally rotated to 1°, and adducted to 7°.  
Sixteen hundredths of a second later, the maximum load from the step is reached.  At this 
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time the leg is flexed to 9°, slightly internally rotated to 1°, and still adducted to 7°.  At 
0.55s after heel strike, the force from the leg has decreased then increased again as the 
push-off force from the toes reaches a maximum value.  Here the leg is again at full 
extension, this time with no internal/external rotation, and 2.5° abduction.  Seventy-five 
hundredths of a second after initial heel strike the toe lifts completely off.  At this point, 
the leg has reached a flexion angle of 47°, external rotation of 2°, and 6° of abduction.  
From this point the femur swings forward at the hip and the knee resets for heel strike, 
which will occur 0.20s after toe off.  The knee comes back to 0° flexion, 1° external 
rotation, and 7° adduction. 
While these cannot be said to be a standard gait pattern, they do demonstrate the 
complexity of human locomotion.  In this study human locomotion was also recorded for 
other common tasks such as climbing stairs.  Early replacement knee joints modeled the 
joint as a simple one-degree of freedom hinge.  Clearly, such replacements would cause 
basic walking to be difficult and unnatural for anyone.  
 
 
Figure 2.5: Three planes of motion for gait analysis. 
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2.3. Review of Workspace Studies 
2.3.1. Workspace 
The term “workspace” comes from the robotics industry.  Derived from its root 
words, “workspace” is a volume (space) in which a manipulator can perform designated 
operations (work).   Roth (1976) produced the first notable work in which workspaces 
were used to analyze robots.  The field has grown and many others have made 
contributions including Kumar and Waldron (1981), Lee (1983) and Yang (1983), Gupta 
(1986), and Haug (1995).  Gupta (1986) gives a detailed summary of these and other 
contributions made to the field. 
Kinematic solutions predicting the workspace of a linkage will yield the 
efficiency and usefulness of a robot.  Using the workspace as a design tool for robotic 
manipulators was an avenue explored by Gosselien and Guillot (1991).  Their algorithms 
can be used to synthesize the most efficient kinematic linkage for a specific application.  
These algorithms lead to the study of parallel robotics where a robot’s kinematic 
characteristics can be changed via the manipulation of secondary robots; changing the 
reachable and dexterous workspaces.  Algorithms to solve for parallel robot workspaces 
have been studied by Merlet (1997).  In Gough-platforms, a class of parallel 
manipulators, these algorithms calculate linkage geometries that produced workspaces 
containing some other predetermined workspace.  The rotational and translational axis for 
linkages are determined, accounting for possible link interference issues.  As the 
workspace study has expanded, it has been applied to many fields. 
The study of the displacement workspace of the knee will lead to a better 
understanding of the movement and constraint in the knee.  The displacement workspace 
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concept can be applied to the knee based on the theory that the knee joint has six-degrees 
of freedom.  This means that the movement of the tibia relative to the femur is 
characterized by translation and rotation about three axes, an idea explored by Schreiber 
(1997).  Schreiber postulated that the 6 DOF movement of the knee is directly dependant 
on anatomy and geometry.  Schreiber modeled the movement of the knee from a planar 
viewpoint as a four bar linkage, paving the way for future efforts applying workspace 
studies to the knee.  Applying the concept of the displacement workspace to knee 
kinematics was proposed by Murphy (1990) and extended by Zhang (1995), 
Omeltchenko (1997, 1998) and Fuller (2000).  Fuller defines two types of displacement 
workspace, the fixed orientation displacement workspace (FODW) and the variable 
orientation displacement workspace (VODW) (Fuller 2001).   
The FODW is composed of all the possible translations of the femur relative to 
the tibia while maintaining constant orientations of the two bones and fixed ligament 
lengths.  Constant orientation means keeping the same flexion, rotation and abduction 
angles.  The ACL, PCL, FCL and TCL lengths as well as the surface geometries of the 
femur and tibia determine the boundaries of the FODW.  If the orientations of the bones 
are maintained and the femur and tibia are pulled apart, the amount of separation will be 
limited when one of the four ligaments becomes taut.  The coordinates of the tibia at that 
time will represent a single point on the edge of the FODW.  Similarly, when the bones 
are pushed together, the surfaces of the bones will determine their stopping position.  As 
the tibia is manipulated to different positions, a full FODW is outlined. 
A second fundamental idea is that when the relative orientations of the bones are 
changed translation will be limited by different ligaments and by different surfaces of the 
 17
two bones.  The shape of the FODW will change.  A combination of all possible FODWs 
makes up the VODW.  This area will represent the complete range of motion possible by 
the joint. 
2.3.2. Data Sources 
Fuller (2000) worked on extracting knee joint geometry from MRI and CT scans 
in order to computationally calculate the FODW.  The tools developed for interpreting 
MRI and CT images will be useful in creating replacement prosthetics specific to each 
patient.  The surface geometry of the articular surfaces of the femur and tibia, the 
ligament rest lengths, and where the ligaments were attached to the bone were required.  
Many possible sources of information were evaluated. 
A right and left pair of knees from the Harvard Medical School was analyzed at 
MIT.  Stainless steel balls had been inserted in the right knee at the ligament insertion 
sites after dissecting the ligaments and removing all soft tissue around the joints.  CT 
scans were taken of both knees with 1mm scan spacing.  The left knee was dissected and 
the ligament lengths were measured using photographic techniques before the ligaments 
were tested (Lanzendorf 1988).  For this data to be useful, Fuller made the assumption of 
symmetry for the right and left knee pair. 
Another possible data source was the Visible Human Project.  In this government-
funded project CT and MRI scans, and physical slices were made along three different 
axes of full male and female cadavers.  The images are accessible to the public through 
www.nlm.nih.gov/research/visible/visible_human.html.  HealthSouth Diagnostic Medical 
Center also provided MRI scans of a pair of healthy male knees; however the resolution 
of these images was insufficient to distuinguish soft tissue types.   
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Ultimately, Fuller obtained new data from the University of Minnesota and 
Regions Hospital with Dr. G Brown.  Both CT and MRI scans were performed on a pair 
of cadaver knees.  First, three titanium Synthes (Paoli, PA) maxillofacial screws were 
placed in both the femur and tibia.  These fixed screws would define the relative 
orientation of the bones.  A complete set of 1.0mm spaced CT scans was taken on the 
intact knees.  Next, the knees were dissected and disarticulated.  Titanium screws were 
implanted near the ligament insertion sites as markers during the scans; different length 
screws defined the boundary of each insertion site.  A second complete set of 1mm CT 
scans was taken on the disarticulated bones.  
2.3.3. Workspace Calculation and Software 
Individual CT scans were stored as bitmaps.  A C program was written to analyze 
each CT image and contour the outer surface of the bones.  This program recognized the 
grayscale of individual pixels in the bitmap.  An example of a CT bitmap file can be seen 
in Figure 2.6.  Pixels which matched a predetermined grayscale were mapped creating a 
two dimensional image of the exterior surface of the bones.  Places where the ends of the 
Ti screws had altered the image were manually smoothed in each image.  Another C  
 
Figure 2.6:  This is an example of a CT scan. (NIH 2003) 
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program was written to combine the two-dimensional slices into a three-dimensional set 
of points representing the surface geometry of the bones.  
Bone surface geometries were obtained from both the intact and disarticulated 
sets of CT scans using this technique.  The Ti screws were added back into the data using 
Rhinoceros software (v 3.0, Robert McNeel & Associates, Seattle, WA).  The two sets of 
surface geometries were compared visually in the Rhinoceros software by aligning the 
orientation-marking screws.  With the surface geometries acceptable, the disarticulated 
knee CT scans were used to mark the ligament insertion sites on the data set from the 
intact knee CT scans.  Ligament lengths were estimated using the 3D picture of the 
surface geometry of the intact knee.  
The ligament lengths and the articular surface geometry were inputs for 
constructing the FODW.  This workspace would be a 3D volume constructed from five 
volumes, assuming that at this particular orientation all four major ligaments would 
constrain some motion.  Each ligament would constrain the relative motion of the knee to 
a spherical space with a radius equal to the length of the ligament.  For example, two 
ligaments attached as in Figure 2.7 would create the volume represented in Figure 2.8. 
  
Figure 2.7: This image represents 
how two ligaments constrain 
motion. 
Figure 2.8: This is the constraint volume created 
by two ligaments.  (Fuller 2001) 
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The constraint surface generated from the contact of the two bones would have a 
more planar shape with a rough texture.  A program was written that would use 
Rhinoceros to construct the bone contact constraint surface.  Fuller defined four points 
that represented the corners of a square grid normal to the sagittal-axis of the femur.  The 
program traced the minimum z-axis distance locations for the tibia across the surface of 
the femur.  At each point in the grid this minimum sagittal-axis distance was recorded.  
Rhinoceros was used to render the surface shown in Figure 2.9 from the resulting points.  
The surface was merged with the ligament constraints.  The surfaces were fixed at there 
appropriate positions and their resulting intersecting volume represented the FODW. 
However, when the five constraint surfaces were manipulated to one file, there 
was no volume of intersection.  An acceptable FODW representation was not 
accomplished until the ligament lengths were increased.  This FODW is shown in Figure 
2.10.  It is possible that the ligament lengths were inaccurate due to errors in the method  
   
 
 
 
  
 
Figure 2.9: The constraint surface 
created by two bone surfaces.  (Fuller 
2001) 
Figure 2.10: The modified FODW 
created from combined constraint 
surfaces.  (Fuller 2001) 
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used to measure them.  It is possible that not all of the ligaments were stretched to their 
full lengths when the intact knee was scanned.   
2.4. Use of Robotics for Kinematic Measurements 
The physical determination of workspaces by the use of mechanical manipulators 
has been investigated for many years.  The term “robot,” first used in 1921, was taken 
from the Czechoslovakian word for worker (Mabie and Reinholtz 1986).  Since the 20’s, 
robotic linkages have grown more complex, as have the mathematics used to describe 
their movements.  Only a handful of the endless possibilities have been explored for the 
kinematic measurement applications of robots.   
Often a single loop mechanism is used where the specimen completes the loop in 
a fixed reference frame.  The specimen, attached to the end effector of the robot is the 
limiting agent in the end effector’s workspace (Sugimoto, et al., 1982).  For the end 
effector to move with general spatial motion, 6 degrees of freedom are required.  The 
number and type of joints will determine the degrees of freedom of a manipulator.  The 
most common joints are revolute, cylindric, prismatic, spheric, helical, and spatial cam.  
The mathematics used to calculate the end effectors positions are determined by the joints 
of the robot.  This calculation is often called the forward kinematics problem (Mabie and 
Reinholtz, 1986).  The accuracy of such a closed loop manipulator is determined by the 
degree to which the physical parameters of the apparatus are known, as well as the 
accuracy to which the joint movements can be measured (Hsu 1998).  Kinematic linkages 
are not new to the field of bioengineering.   
MacIver describes his use of a Microscribe 3DX in modeling the movement of a 
fish (MacIver 2000).  Fuji has used several different 6 DOF robot and load sensor 
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combinations to manipulate human and porcine knee joints.  The first consisted of a 5 
rotational axis commercial robot mounted to a translational axis base (Fuji et. all 1993).  
The most recent is more adept to completing the full flexion and extension of the knee.   
This robot consists of an upper and lower mechanism separately attached to a fixed base.   
The upper mechanism has 5 DOF; 2 translational axes and 3 rotational axes while the 
lower adds 1 DOF in a single translational axis.  The femur is rigidly attached to the 
lower mechanism while the tibia is mounted to a force sensor fixed to the upper 
mechanism (Fuji et. all 2004).  These robots are used to measure the positional response 
of the knee to specific loadings.  The results do not yield insight to the VODW.  
Open loop systems have also been explored.  Not to be confused with open loop 
robotic chains, which would be equivalent to the closed loop system previously described 
without the “to be measured” specimen connected.  Instead, open loop systems such that 
the robotic linkage is free floating have been explored.  In such a linkage the end effector 
can sense force or acceleration and torque then calculate the resulting change in position 
(Agrawal and Garimella, 1994).   
2.5. Spatial Kinematics 
Spatial kinematics is the science of pure motion in space considered without 
reference to the forces producing or changing the motion. An understanding of spatial 
kinematics can be built from knowledge of 2D kinematics.  In 2D, 3 DOF are possible; 
two translations and one rotation.  Probably the most useful tool in 2D kinematics is the 
rule of instant centers.  This states that any object in two dimensions which is both 
translating and rotating can have its instantaneous motion described as a rotation about a 
single point.  This point is known as an instant center (IC).  The closer the IC is to the 
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moving object the higher its ratio of rotation to translation.  If the instant center lies on 
the centroid of the object, the object is in pure rotation.  Likewise, if the instantaneous 
center is located at infinity the object is in pure translation.   
A similar technique has been proposed to help analyze the relative movement of 
the femur to the tibia.  Since these bones are not simply joined by a hinge, the analysis 
must be more complex.  To analyze rigid bodies in three dimensions, objects are allowed 
6 DOF; three translations and three rotations.  Ball’s screw theory can be applied to 
describe this motion (Ball, 1900).   Ball’s work is rooted in the early 1800’s with the 
work of Poinsot and Chasles.  Screw theory states, “any displacement of a rigid body in 
Euclidean three space can be represented by a translation parallel to an axis coupled with 
a simultaneous rotation about that axis.”  
Pitch is a mechanical engineering term coined in the early 1800’s; it is “the 
distance between the successive convolutions of the thread of a screw, measured in a 
direction parallel to the axis, and indicating the distance through which the screw moves 
forward in one turn” (OED 2003).  For every unit of rotation about the axis, the pitch will 
represent the amount of linear translation along the axes.   
As with instantaneous center kinematics, there are several motions that are not 
well-defined.  A zero radius of rotation causes pure rotation about the axis, while 
translation perpendicular to the axis without rotation means an infinite radius of rotation.  
Translation parallel to the axis without rotation corresponds to a pitch of infinity.  A pitch 
of zero means no translation parallel to the axis; this would be a 5 DOF movement in 
three-space, three rotations and two translations.    
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The 5 DOF rotations resulting from a zero pitch can be defined with four 
independent variables. Three independent variables will be used to give the orientation of 
the axis of rotation.  A single independent variable will be used to provide the amount of 
rotation.  Dual quaternions suit this application.  A quaternion is a group four variables.  
To describe rotation, the four geometrical elements are expressed w+xi+yj+zk.  Here, w, 
x, y, z are scalars and i, j, k represent a left-hand coordinate axis such that i2 = j2 = k2 = i * 
j * k = -1. A good example of how this mathematical operation is performed can be found 
in Fuller’s thesis (2001).   
To classify a screw motion in three-space, at least five independent variables will 
be required.  Affine transformation matrices and Euler angles two possible methods for 
such a description.  Fuller used Plucker’s coordinate representations for lines.  Plucker’s 
coordinates involve six variables, five of which were independent.   
Instant centers and screw theory are kinematic analysis tools.  They ignore the 
forces required to produce motion.  The static equivalent of instant centers is the idea that 
any set of vector forces and force couples acting on a rigid body in space can be 
represented by a single force acting in the same 2D space.  A pure moment could be 
represented by a force located an infinite distance from the center of mass.  Similarly for 
three-space, Poinsot’s theorem states that any set of forces and moments acting on a rigid 
body can be resolved into a single force and couple acting about the same axis 
(Greenwood 1988).  Such a set of forces is called a wrench. 
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Chapter 3. Design of Displacement Workspace Test Station 
The displacement workspace has a sound theoretical foundation; however, it lacks 
experimental validation.  A closed loop test station to accurately measure and record data 
showing both a fixed and variable orientation displacement workspace was built.  Fujie 
(1993, 1995, and 2004) used a similar workstation for in vitro testing of porcine and 
human knees.  This new Displacement Workspace Test Station (DWTS) contains a strain 
gauge-based six (6) axis load cell and a 6 DOF manipulandum mounted to a fixed 
reference frame.  An in vitro articular joint completes the loop between the load cell and 
the manipulandum as in Figure 3.1.   
The manipulandum, load cell and bone mounting hardware design specifications 
are discussed in detail in Chapters 3.1, 3.2, and 3.3, respectively.  The workstation had to 
reach all possible orientations of the femur relative to the tibia and in each orientation 
move through three (3) translational DOF.  A hand manipulated 6 DOF transducer arm 
and 6-axis load cell are used.  Schreiber (1997) calculated that the smallest dimension of 
the FODW to be 5mm.  Fujie’s manipulator (2004) has a possible error of 0.3mm for 
some joint load cases.  The DWTS is designed with a required accuracy of 0.3mm.  For 
FODW modeled to represent a 1º X, Y, Z axis rotational range, the accuracy of the 
manipulandum orientation data should be 0.1º.  Additionally the apparatus should 
accommodate an in vitro knee with sections of the femur or tibia/fibula up to 12-in long.   
 
Figure 3.1:  Schematic of the configuration of the test apparatus. 
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Adding 3-in for mounting linkage, the apparatus must have at least a 15-in workspace 
radius.  Rigid mounts to the femur and tibia/fibula will complete the mechanism’s loop. 
The workstation should record orientation and Cartesian coordinates of the 
tibia/fibula relative to the femur.  All of the coordinates reached in a particular orientation 
will represent a FODW.  Overloading the in vitro ligaments could damage them and force 
the knee in a position that no longer represents the normal range of motion, causing error 
in the resulting FODW model.  The workstation should also record the forces acting on 
the joint at each recorded coordinate.  The arm and load cell constantly output data that 
can be used to calculate the forces acting on the joint.  To exceed the standards set by 
Fujie’s robot (2004), the load cell is capable of measuring loads above 100N and has a 
compliance of less than 0.001 mm/N.  
The digitizing arm and the load cell must mount to a rigid frame so coordinates 
recorded will represent only movement of the joint and the compliance of the load cell.  
The apparatus should be easy to disassemble so that the digital encoders can be zeroed 
between tests.  Bone mounting hardware in the apparatus is designed so that, upon 
reassembly, subsequent test data sets will be concurrent.   
3.1. Digitizing Arm 
In order for the apparatus to complete the full range of motion of the knee and 
record orientations of the joint and Cartesian coordinates of the tibia/fibula relative to the 
femur, a hand manipulated 6 DOF Microscribe was used.  Immersion Corporation’s (San 
Jose, CA) Microscribe transducer arm (Figure 3.2) was selected with the help of Darryl 
Montley of CNC services (Amherst, VA).  CNC’s 6 DOF package was added to the 5 
DOF G2X.  The package offered a spinning stylus tip, shown in Figure 3.3.   
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To determine a desired positional and rotational accuracy, Schreiber (1997) and 
Fujie’s (2004) work were referenced.  Schreiber calculated 3 DOF displacements of 6 
FODW using the lengths of the ligaments and estimated bone surface geometry as the 
volume limitations.  Of these, the smallest directional displacement calculated was a 5 
mm cranial translation.  This displacement was calculated for 125º flexion, -15º 
abduction, 0º external rotation, 6 mm anterior translation, and 8 mm lateral translation.   
 
 
G2X 
Base-Shoulder 8 ½-in 
Shoulder-Elbow 10 ½-in 
Elbow-Wrist 9 ½-in 
Wrist-Tip 5 ½-in 
Base Footprint 6-in x 6-
in 
Figure 3.2: Dimensions of the Microscribe G2X. 
 
 
 
Figure 3.3: The stylus tip can spin about its axis. 
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Fujie’s manipulator had a mean error of 0.084 mm; however during his application 
compliance in the apparatus allowed up to 0.3 mm error in the resulting position of the 
tibia/fibula relative to the femur.  The DWTS is designed with a required accuracy of 0.3 
mm. The DWTS will be capable of creating FODW datasets where internal rotation, 
adduction, and flexion fall within ± 1º of the desired orientation.  To accomplish this 
accuracy of the manipulandum orientation data must be ± 0.1º.  The modified 
Microscribe G2X is a 6 DOF precision mechanical arm with digital encoders at each 
joint.  The Microscribe mean positional accuracy is 0.2286 mm.  This accuracy was 
tested at Immersion using the ASME B89.4.2 standard.  The Microscribe angular 
accuracy is 0.0003º.  The apparatus must also accommodate an in vitro knee with 
sections of the femur or tibia/fibula up to 12-in long; 4-in longer than the standard 
samples reported in Fuller (2001) and Fuller and Murphy (1997).  Adding 3-in for a 
mounting linkage, the apparatus must have at least a 15-in radius workspace.  The 
Microscribe dimensions, shown in Figure 3.2, allow it a 50-in workspace.  A larger 
model, the G2LX, has a 66-in sphere workspace which may prove more convenient for 
the operator during testing; however, the G2LX accuracy is only 0.3048mm.  The G2X 
had adequate range for manipulation of the knee specimens. 
The workstation records orientation and Cartesian coordinates of the tibia/fibula 
relative to the femur.  All of the coordinates obtained at a particular orientation represent 
a FODW.  The included Microscribe utility software (MUS) records the Cartesian 
coordinates as well as the orientation of the tip of the Microscribe.  This information 
directly represents the Cartesian coordinates and orientation of the tibia/fibula relative to 
the femur when the DWTS is assembled.  Also included with the G2X are the foot pedals 
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shown in Figure 3.4.  The foot pedals can be programmed to carry out various functions.  
In this test station, the user has the option to use the pedals to prompt the computer to poll 
the apparatus for data. 
3.2. 6-Axis Load Cell 
To create data sets representing the FODW the workstation must be able to 
eliminate data recorded while the joint was under or overloaded.  Overloading the 
ligaments beyond their normal operating loads could damage the ligaments and allow 
manipulation of the knee to positions that do not represent its normal range of motion.  
The DWTS records the forces acting along the joint using JR3 Technologies’ (Woodland, 
CA) 6-axis Force-Moment Sensor, 67M25A-U560 shown in Figure 3.5, and a PCI 
Receiver/Processor. 
The aluminum Force-Moment Sensor 67M25A-U560 weighs 0.4 lb and provides 
6 axes of information that can be used to calculate the forces and moments acting at the  
 
 
 
 
Figure 3.4: The pedals connect directly to the Microscribe 
through a serial input. 
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joint.  Woo and Fujie used up to 100 N direct compression on a human knee and showed 
movement with no damage to the knee (Fujie 2004).  While the selected load cell can 
withstand 200 N, this amount of force is excessive for the FODW test application.  
Another key design specification for the load cell is compliance. 
Compliance in the load cell will cause error in the positions recorded by the 
manipulandum.  The 67M25A load cell compliance is less than Fujie’s apparatus 1 
mm/kN, therefore compliance in the load cell will cause less error than Fujie’s apparatus 
experience.  The load cell specifications can be seen in Table 3.1.  Complete schematics 
of the load cell are in Appendix D.   
 
Figure 3.5: This is JR3’s 6-axis sensor. 
 
 
Table 3.1: Specifications of the 67M25A from JR3. 
67M25A-U560 - 50 lb fx, fy fz Units mx, my mz Units 
Capacity 200 400 N 12.5 12.5 N-m 
Resolution .089 .178 N 6.78 6.78 N-mm 
Compliance .057 .006 mm/ kN 11.96 36.9 rad/MN-m 
Overload 1.55 4.22 kN 13.2 13.2 N-m 
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3.3. Mounting Hardware 
The digitizing arm and the load cell must mount to a rigid frame so positions 
recorded will represent only movement of the joint and compliance of the load cell.  The 
baseplate shown in Figure 3.6 is a rigid base for the apparatus.  The 24-in x 24-in flat 
work plate has 24 threaded ¼-in holes allowing the load cell bracket to be repositioned 
to accept various size joint specimens.   
The apparatus must be easy to disassemble so that digital encoders in the 
Microscribe can be zeroed between tests and when the DWTS computer is turned on.  
Resetting the digital encoders is known as homing the Microscribe and will avoid 
inaccurate digital encoder readings.  When the arm is homed the internal software sets  
 
 
Figure 3.6:  The assembled apparatus ready for the specimen. 
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each of the 6 joint angles to zero.  For the user, homing is accomplished by clicking the 
“yes” tab when the Armtalk application prompts.  The arm can be successfully homed by 
pressing the white button located on the back of the base of the arm at any time after the 
DWTS personal computer (PC) is powered on, even if Armtalk is not running.   
The “home” position and the Microscribe coordinate axes are depicted in Figure 
3.7.  During homing, the orientation of the base Z axis rotation joint controls the direction 
of the X and Y axes.  The positive Y axis will always be parallel to the rotational axis of 
the larger shoulder joint at the time the Microscribe is homed.  The shoulder is the large 
rotational joint whose axis is always horizontal.  If this joint is misaligned during homing, 
 
 
 
Figure 3.7: The Microscribe must be homed in this position for the coordinate 
axes to line up properly.  The Microscribe coordinate axis origin is located at 
the center of its base.  The load cell coordinate axis origin is located at the 
base of the femur mount. 
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the axes for the experiment will be misaligned causing all coordinates and orientations 
from the manipulandum to be inaccurate. 
The MUS calculates position and orientation of the stylus according to the 
Microscribe coordinate axes shown in Figure 3.7.  Position is calculated relative to the 
origin, located at the center of the base of the Microscribe.  Orientation of the stylus tip is 
calculated as a series of angular rotations from the home position.  The MUS calculates 
orientation of the stylus by calculating its x axis rotation first, then y axis rotation, then z 
axis rotation.  A schematic illustrating is given in Figure 3.8.  
 
Figure 3.8: A schematic illustrating how the Microscribe Utility Software (MUS) 
calculates orientation of the stylus.  Here each elbowed cylinder represents the 
stylus at a different orientation.  The elbowed cylinder along the Z axis represents 
an orientation of x = 0° y = 0° z = 0° (0°, 0°, 0°), the “home” position.  The other 
elbowed cylinders is represent 15°, 0°, 0°; 15°, 30°,0°; and 15°, 30° ,60°. 
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For the x, y, and z axis rotations to correctly represent the internal rotation, 
adduction, and flexion of the knee, the orientation of the knee specimen relative to the 
Microscribe is critical.  The bones must be initially positioned such that internal rotation 
is positive rotation about the x axis, adduction is positive rotation about the y axis, and 
flexion is positive rotation about the z axis. Bone mounting hardware in the apparatus 
was designed to facilitate the joint being aligned in this way, allowing subsequent tests’ 
data sets to be concurrent and joint flexion, abduction, and rotation to be determined.  
Complete schematics of the DWTS mounting hardware are in Appendix C. 
Aluminum tibia/fibula and femur mounts shown as parts 3 and 4 respectively in 
Figures 3.6 and 3.9 will fix the bone ends to the apparatus.  Bone ends will be cast into 
3.5-in diameter cylinders, 3.5-in long, that slide into the tibia/fibula and femur mounts. 
Each aluminum mount has four ¼-in x 28 set screws to hold the specimen firmly in place 
during testing and allow for easy removal of the specimen for storage after testing.  The 
set screws are shown in Figure 3.9.  When the molded cylinders are screwed in the 
assembly their orientations should be noted.  To accomplish this, titanium pins should be   
 
 
Figure 3.9:  These parts allow the boned to be mounted into the apparatus. 
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inserted to the tibia and fibula just above the molded cylinder.  The angular orientation of 
the pin should be marked on the femur and tibia fibula mounts as indicated in Figure 
3.10.  This will allow the specimen to be properly aligned in subsequent tests so that data 
can be compared from test to test.  
The load cell bolt pattern provides 4 #10 x 24 studs on the specimen side and 4 
#10 x 24 threaded holes on the transducer side.  The femur mount is threaded to receive 
this bolt pattern.  The two piece stainless steel bracket shown as parts 1 and 2 in Figure 
3.9 was machined to fix the tibia/fibula mount to the Microscribe.  The stylus tip can be 
unscrewed and part 1 of this bracket can be screwed into its place using the #4-40 internal 
threads of the manipulandum.  The bracket swivels to allow proper alignment of the 
tibia/fibula for testing.  Instructions for assembly of the apparatus are provided in 
Appendix A.  
 
 
 
Figure 3.10:  These parts allow the specimen to be 
realigned in subsequent tests. 
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Chapter 4. Data Processing 
The DWTS signal is processed while the secured knee joint is manipulated by 
hand through multiple FODWs.  To calculate the tibia/fibula position and orientation 
relative to the femur, digital encoders determine the angular orientation of each joint on 
the manipulandum.  Strain gauges in the load cell are used to determine the net load 
acting at the joint.  Each of these signals must be sampled at an adequate rate and 
processed to reduce noise.  Loads from the load cell are available at 8 kHz and positions 
from the manipulandum at 0.5 kHz ensuring that a sizable data set can be recorded in less 
then an hour.  Both manipulandum and load cell data are filtered through internal factory-
set low pass filters to help eliminate noise. 
A software interface monitors the load cell and manipulandum applications and 
controls the data sampling rates.  Armtalk, a C++ program, operates applications that 
sample and filter both manipulandum end effector position/orientation signals and load 
cell output signals.  Armtalk automicaly samples and stores raw data points either at 2 Hz 
or upon a foot-pedal press by the user. 
During data reduction after the FODW test, the actual joint load must be 
calculated and separate FODW files created.  The FODW files are constructed based on 
joint loading and bone orientation.  Corresponding forces and moments acting at the joint 
are calculated and added to each raw load data point in a spreadsheet template.  The 
spreadsheet uses the raw data and physical dimensions to calculate the load at the joint.  
Points that represent a particular FODW are selected from a complete set of data.  The 
user defines a FODW criteria of acceptable joint forces, moments and bone orientations 
for the spreadsheet to use as a filter.   
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Once individual FODW data files are created, the FODW can be modeled using 
CAD software.  The spreadsheet prepares the Cartesian coordinates of individual FODW 
points to be input into Rhinoceros 3.0, a NURBS-based CAD program, for visualization.  
The FODW are modeled using a multi-surface interpolated point (IP) curve technique. 
4.1. Signal Processing 
To calculate position and orientation data, the G2X is equipped with digital 
encoders at each joint.  The signals from these encoders reach the DWTS PC via serial or 
USB port.  The USB port was used in this application because it is faster, allowing 500 
Hz transfers, where the serial port offers a maximum of 333 Hz.  The Microscribe signal 
was filtered through proprietary factory-set hardware filters before leaving the arm by a 
processor located in the base of the arm.   
To determine the loads and moments acting on the load cell, sensors measure 
resistance of internal strain gauges.  Signals from these strain gauges pass through an 8-
wire cable linking the load cell to the PC through a Peripheral Component Interconnect 
(PCI) Receiver/Processor bus, shown in Figure 4.1. Compact PCI (cPCI), VersaModule 
Eurocard (VME) bus and Industry Standard Architecture (ISA) receivers were also 
available to process the load cell data. VME bus and cPCI receivers are found in rugged  
 
Figure 4.1: This is a PCI Receiver/Processor. 
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industrial and military systems and uncommon in PCs while ISA slots have been phased 
out in most PCs over the last 10 years.   
The PCI card offers an 8 kHz sampling rate and can be used on nearly all late 
model PCs, making the DWTS PC easy to upgrade.  The PCI receiver is a digital signal-
processing (DSP) chip; it will convert analog voltage signals from the load cell into 
digital signals and calculate the resulting forces and moments as well as the force and 
moment vectors.  The card is recognized when inserted into a PCI slot without 
reconfiguration of the PC.  The processor contains a MIPS40 digital signal processing 
chip, low-pass filters, force vector calculating software, maximum and minimum force 
peak capturing functions, and threshold monitoring.  Each of these functions can be used 
or bypassed.  During use with the DWTS maximum and minimum force peak capturing 
functions and threshold monitoring should remain bypassed because the axially 
directional force and moment vectors are meaningless because they are sampled before 
the transformation matrices are applied.  Signals from the load cell are filtered by internal 
load cell hardware including offset removal, data decoupling, saturation detection, digital 
low pass filtering, and force vector magnitude calculation.    
The PCI receiver contains a factory-set low-pass filter array to precondition each 
of the six signals: Fx, Fy, Fz, Mx, My, Mz.  Raw data from the load cell has tare loads 
removed and is run through a decoupling matrix to remove sensor cross-coupling.  
Decoupled data are then passed through a series of six (6) low-pass filters.  Each 
subsequent filter is evaluated 1/4 as often, and has a cutoff frequency of 1/4 of the 
previous filter.  The cutoff frequency of a filter is 1/16 of the sample rate for that filter 
(JR3 2006).  With a sample rate of 8 kHz, the sampling frequency of the PCI 
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Receiver/Processor, the cutoff frequency of the first filter is 500 Hz.  The subsequent 
filters cutoff at 125 Hz, 31.25 Hz, 7.81 Hz, etc.  Regardless of the individual sampling 
rate, load cell data can be readily filtered by the DWTS software at up to 8 kHz. 
4.2. Software Interface 
Two applications sample and filter the manipulandum end effector position and 
orientation signals, as well as the load cell output signals.  The MUS will receive signals 
from the arm and determine the angles of the joints.  Position and orientation data are 
calculated and input into a Dynamic Link Library (DLL) file. The MUS software can 
input data directly into Rhinoceros and Excel; however it will not record the orientation 
of the tip when run unaccompanied.  Armtalk, a C++ program written using Visual Basic, 
operates and monitors the MUS as well as the load cell application software, creating a 
single data file for each experiment.   
When Armtalk is activated it initiates the MUS and attempts to connect to the 
Dynamic Link Library (DLL) file.  Once connected, the user has the option of homing 
the arm.  The arm can also be successfully homed by pressing the home button at any 
time after the DWTS PC is powered on.  After connecting to the MUS Armtalk will 
connect to the load cell software, zeroing the load cell, then a workspace test can be 
initiated.  
Armtalk allows the user to record data at 2 Hz or upon the pressing of either foot 
pedal shown in Figure 3.4.  While the program is running the user hand manipulates the 
specimen through the range of motion of interest.  When the test is ended Armtalk will 
disconnect from the manipulandum and load cell.  As the user exits the program, the test 
data are automatically stored in a text file.  Figure 4.2 shows a DWTS .csv file containing 
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information for 16 data points.  Each line of the text file represents one data point and 
contains tibia/fibula coordinates and orientation about the manipulandum X Y Z axes as 
well as force and moments acting along the load cell X Y Z axes.  This information is 
separated by commas.  The first line of the file contains only labels for the data that 
follows.  Proper use of Armtalk is outlined in Appendix A.  The complete Armtalk script 
is shown in Appendix F. 
4.3. Data Reduction 
It was assumed that forces and moments transmitted across the joint passive 
constraint system will cause the tibia/fibula to be on the outer surface of the FODW.  
Conversely, when no load is transmitted across the joint it is possible that the bones are in 
the interior of the FODW.  Surfaces modeled in the CAD program will pass through or 
near all points in the given data set.  If a point near the center of the FODW was input to 
the modeling program the resulting FODW model would be inaccurate.  Another possible 
source of error is joint overload, which could cause ligaments to tear.  Such a data point 
could also cause an inaccurate representation of the FODW.  For this reason, during data 
reduction the actual joint load was calculated and added to the raw data sets for 
consideration.   
Figure 4.2: This DWTS .csv file contains information for 16 data points. 
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An Excel (Microsoft Corporation, Redmond, WA) spreadsheet contains 
algorithms to calculate the loads and separate data into FODW files.  When a test is 
complete the data are copied from the text file and pasted into the appropriate Excel 
spreadsheet, the “Right knee template” spreadsheet for right knee data and the “Left knee 
template” spreadsheet for left knee data.   
The location of the femoral condyles measured in the load cell coordinate system, 
shown in Figure 3.7, is also input to the spreadsheet.  Using the 3D location of the 
femoral condyles and the moments and loads at the load cell the actual force and moment 
being transmitted across the joint are calculated for each data point.  To separate the 
weight of the femur and femur mount from the loads acting on the joint, the weight of the 
femur and femur mount must be entered.  To retrieve this data, the first data point in each 
set is referenced by the spreadsheet and should represent no forces or moments acting 
across the joint.   
The user can define a maximum and minimum flexion, adduction and rotation 
angle as well as maximum and minimum joint force and moment that the spreadsheet 
should accept in a particular FODW.  Figure 4.3 is an image showing the right knee 
template with several test data points input.  Data points that meet the criteria are labeled 
as “Resulting FODW Set.”   
These data points can be saved to a separate file as a single FODW.  Then, user 
inputs in the spreadsheet template can be changed to evaluate a different FODW.  
Appendix E explains the algorithms incorporated in the spreadsheet.  Use of the 
spreadsheet for data reduction is outlined in the second half of Appendix B. 
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4.4. Computer Aided Design of FODW 
The FODW can be modeled using the resulting DWTS data sets.  Fuller (2001) 
used Rhinoceros v 3.0 software to model bones and ligaments.  Rhinoceros is a 
Nonuniform Rational B-Spline (NURBS) program.  The program can model 3D 
sporadically curved surfaces using control point fashioned surface variations.   
Analyzing the data storage formats supported by Rhinoceros revealed that the 
actual position of points was not difficult to interpret; however, the formation of lines and 
boundary conditions between objects is created by complex code.  For this reason data 
will be imported from the DWTS by inserting script from the spreadsheet template into 
the Rhinoceros 3.0 text input box.  The spreadsheet automatically writes the required 
script to input these points into Rhinoceros 3D.  This allows the user to simply copy and 
paste hundreds of points simultaneously into a Rhinoceros drawing.  Once all of the 
points from a FODW are in a Rhinoceros file there are four recommended ways to model 
the surface that these points represent. 
Points can be connected using an interpolated-point (IP) curve.  This is a 
continuous curve in three space that passes through the specified points.  Once a 
complete loop IP curve is drawn around a set of points, a surface can be draped over the 
points as an interpretation of the surface defined by the points.  In Rhinoceros, this is 
known as a patch.  One drawback to this technique is that unless points on the back side 
of the volume can be separated and removed from the file they will affect the 
interpretation of the front side of the volume surface.   
If a continuous square grid is made using IP curves a surface can be successfully 
created over this grid.  With a random assortment of surface points like that which will 
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represent the FODW, it is impossible to include all points in the continuous grid.  Points 
not located in the grid are ignored by the program.  Ignoring some points will lead to a 
reduction in the accuracy of the model. 
Another option is that all points be connected using a non-continuous mesh of IP 
curves and multiple surfaces created over the small sections.  The boundary accuracy of 
the surface is reduced because they are not continuous like the true FODW but the overall 
accuracy of the model is increased because all of the collected data points are used.  As a 
final modeling option, the set of points can be connected to one another in 4 or 3 vertex 
elements using straight lines.  Surfaces can be fit over these elements.  The result is a 
rigid featured linearly interpolated surface representation. 
Figure 4.4 shows all of these methods used to model the same set of points.  The 
points were randomly collected using the Microscribe G2X from the plastic human femur 
mold shown in Figure 4.5.  In the 4-3 vertex element surfaces image the left half of the 
femur was rendered using 4 vertex elements while the right half was rendered using 3 
corner elements.  A purely visual study of this example reveals the IP curve multi-
surfaces technique most accurately mimics the curves of the actual femur mold.  An 
additional visual test and a more quantitative test of the technique accuracy are discussed 
in Chapters 5.2 and 5.3, respectively.  The multi-surface IP curve technique will be 
helpful in interpreting what the surfaces of the FODW represent.   
 45
 
   
      
Patch 
   
    
IP Curves Multi-Surface 
   
    
4-3 Vertex Element Surfaces 
   
    
IP Curves One Surface 
Figure 4.4: Various modeling techniques were used to represent a femur. 
 
 
Figure 4.5:  The manipulandum randomly 
collected points from this human femur mold. 
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Chapter 5. Apparatus Testing 
The DWTS must perform to its design specifications because the addition of just 
a few inaccurate measurements into a FODW data set could render it useless.  Accuracy 
of the manipulandum and the load cell were checked by the manufacturer before 
shipment.  With the never before used software, additional checks were required.   A 
series of tests of increased difficulty evaluated the performance of the system. 
Armtalk connects directly with the drivers and DLL files of the load cell, the 
retrieved data has not yet been put into lb and in-lb.  To convert the data into the proper 
units, force and moment scaling factors were calculated in Chapter 5.1.  A force scaling 
factor (FSF) was calculated and checked using independently weighed steel plates.  A 
moment scaling factor (MSF) was calculated and checked using a digital torque wrench.  
The software operation and angular accuracy of the DWTS was checked in a 2 
DOF test discussed in Chapter 5.2.  In this test each position on the workspace surface of 
the 2 DOF specimen can be represented by only one orientation angle combination.  To 
test the spreadsheet’s data reduction capabilities a 6 DOF test, discussed in Chapter 5.3, 
was preformed.  The test specimen simulated a 2 ligament articular joint and allowed a 
different workspace for the manipulandum for each orientation of the manipulandum tip 
relative to the DWTS base.  Recorded loads ensured that only data points collected while 
the strings were taut were input into the FODW data files.  Maximum and minimum load 
values were used as well as a specified range of orientation angles to separate points into 
FODW files. Finally, to test the IP curve multi-surface graphing technique discussed in 
Chapter 4.4, the workspaces from both the 2 DOF test and 6 DOF tests were modeled and 
compared to the anticipated workspaces. 
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5.1. Load Cell Test 
Load scaling factors had to be determined for the spreadsheet because the 
Armtalk software communicates directly with the load cell drivers and DLL files.  The 
MSF is the known applied moment in in-lb divided by the numerical moment output of 
the sensor.  The product of the MSF and the numerical load cell moment output is the 
applied moment in in-lb.  To calculate the MSF, loads of 5.01 ft-lb and 7.16 ft-lb were 
applied on the load cell X, Y, and Z axes using a Sturtevant Richmont (Franklin Park, IL) 
Digital Torque wrench (10330).  This torque wrench has an accuracy of ± 1 % of the 
applied torque.  MSFs were calculated for each load and then averaged.  The average 
MSF was identical to 3 significant digits for all 3 axes: 0.00922 in-lb/unit. 
The FSF is the known applied force in lb divided by the numerical force output of 
the sensor.  The product of the FSF and the numerical load cell force output is the applied 
force in lb.  To calculate FSF, loads of 5.06 lb and 10.04 lb were applied along the load 
cell X, Y, and Z axes.  The loads were applied using steel plates weighed by a Mark-10 
(Copiague, NY) Digital Force Gage (EG20) with an accuracy of 0.02 lb.  FSF were 
calculated for each load and then averaged.  The average FSF was identical to 3 
significant digits for all 3 axes: 0.00554 lb/unit. 
5.2. 2 Degree of Freedom Test 
The software operation and angular accuracy of the DWTS were checked in a 2 
DOF test.  The 2 DOF test specimen is shown in Figure 5.1.  Each point on the surface of 
the 2 DOF specimen workspace can be represented by only one orientation angle 
combination.   
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The center of the spherical workspace was located at the origin of the test 
coordinate axes shown in Figure 5.1 as Xt, Yt, Zt.  The Microscribe stylus tip was used to 
measure its Cartesian coordinates: xc = 0.125893-in, yc = 0.307494-in, zc = 8.811704-in.  
Using the workspace center coordinates and the recorded position data, manipulandum 
angular orientations were calculated and compared to recorded orientations. For all data 
points in this test, Xa, the angle of rotation about the Xg axis shown in Figure 5.1, was 0°.  
Angular rotations about the Yg and Zg axes, Ya and Za, respectively, were calculated 
using Equations 1 and 2.  In these equations xt, yt, zt represent the coordinates of 
individual data points in the “Test” Cartesian coordinate axes shown in Figure 5.1.  These 
coordinates are calculated using Equations 3, 4 and 5 where xg, yg, zg represent the 
positional coordinates of individual data points in the “Global” Cartesian coordinate axis 
shown in Figure 5.1.  When the calculated orientation angles were compared to the 
Figure 5.1: The 2 DOF test specimen is connected to the Microscribe. 
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recorded orientation angles they constantly fell within the 0.1º accuracy design criteria.  
The mean calculated accuracy was 0.008º. 
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The workspace of the 2 DOF test specimen was a spherical surface bisected by a 
horizontal plane 2-in above the sphere’s base.  The DWTS was able to evaluate 75% of 
the specimen workspace.  Position, orientation and force/moment data for 154 positions 
were recorded.  The data were used to model the evaluated section of the test specimen 
workspace in Rhinoceros 3.0 using the multi surface IP curve technique outlined in 
Chapter 4.4.  The test results were conclusive, the model, shown in Figure 5.2, depicts the 
anticipated spherical surface. 
 
Figure 5.2: The modeled surface resulting from the 2DOF test. 
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5.3. 6 Degree of Freedom Test 
To test the spreadsheet’s data reduction capabilities a 6 DOF test specimen was 
evaluated.  The test specimen, shown in Figure 5.3, simulated a 2 ligament articular joint.  
In this test each orientation of the manipulandum relative to the DWTS base allowed for 
a different resulting workspace or FODW.   
The FODW of the 6 DOF test specimen is the intersection of two spheres and a 
horizontal plane.  Rhinoceros 3.0 was used to create a model of the 6 DOF test 
specimen’s anticipated FODW.  The model, shown in Figure 5.4, represents an x = 2.5°, 
y = 12.5°, z = 2.5° orientation of the manipulandum tip.  The darker volume located at 
the intersection of the two spheres is the resulting FODW.  The transparent spheres 
represent the workspace surfaces created by strings A and B, respectively.  The bisecting 
plane represents the workspace surface created by the platform.  
Figure 5.3:  The 6 DOF test specimen design. 
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The DWTS evaluated the specimen workspace and recorded 802 data points 
containing position, orientation and force/moment.  Multiple points were recorded with 
no load on the strings.  Additional points were recorded with the specimen subjected to 
loads of 20-30 lb.  The Excel spreadsheet filtered out all data points that did not meet the 
criteria shown in Table 5.1.  Of the original 802 data points, 157 remained.  The 
spreadsheet-filtered data were used to model the FODW in Rhinoceros 3.0 using the 
multi surface IP technique.  The resulting FODW model, shown on the right in Figure 
5.5, has a volume of 26.38 in3 while the anticipated FODW model has a volume of 26.73 
in3.  These results show a 1.3% modeling volume error.  Therefore, if the workspace of 
interest was a sphere with a 5 mm diameter to match Schreiber’s smallest dimension.  
The rendered sphere would have a diameter of 4.978 mm.  This 0.022 mm error is 
insignificant as the Microscribe carries a 0.2286 mm error. 
The resulting FODW model accurately depicts the anticipated FODW except for 
2 ridges.  These ridges could possibly be eliminated by changing the surface grid during 
the modeling process.  However, this flawed model does accurately represent the FODW 
in size and overall geometry.  The test shows that the software, load cell, manipulandum 
and spreadsheet work as expected and the modeling technique is effective. 
Figure 5.4:  The anticipated 6 DOF test specimen workspace created in Rhinoceros. 
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Table 5.1:  Spreadsheet inputs for the 6 DOF test. 
Load Rotation  
Force Moment X Axis Y Axis Z Axis 
Minimum 0.50 lb 0.01 in-lb 0.0° 10.0° 0.0° 
Maximum 20.00 lb 10.00 in-lb 5.0° 15.0° 5.0° 
 
 
 
 
           
 
 
 
Figure 5.5: The 6DOF anticipated (left) and resulting (right) 6 DOF 
specimen workspaces. 
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Chapter 6. Conclusions and Recommendations 
6.1. Conclusions 
Fixed and variable orientation displacement workspaces are well-suited for the 
study of the passive constraint system of the knee.  The displacement workspace test 
station met all design specifications.  It has exceeded the 0.1º angular accuracy criteria 
with 0.008º; the 0.3 mm linear accuracy criteria with 0.2286 mm; the 100 N capacity 
criteria with 200 N; and the 1.0 mm/kN compliance criteria with 0.057 mm/kN.  The 
apparatus allows testing of a variety of specimens.  Specimens can be removed then 
repositioned to their initial position and orientation for consistent data sets during 
secondary tests. 
The 2 and 6 DOF tests showed that the manipulandum, load cell, software and 
spreadsheet worked.  The DWTS can resolve data points on the edge of the FODW 
because the software is functioning correctly.  Armtalk consistently controls the load cell 
and manipulandum applications.  The spreadsheet calculates forces and moments at the 
joint for each raw data point then creates FODW files where all points meet the input 
load and orientation criteria.  
A visual comparison of the four femur mold surfaces rendered shows that the best 
available modeling technique is the multi-surface IP curve technique.  This modeling 
technique created a FODW model with a 1.3 % volumetric error.  However, this error is a 
comprehensive average and could be misleading; the actual accuracy of the modeled 
surface should be measured as individual point error.  Based on the volumetric error, 
single point surface error could be as small as 0.02 mm, suggesting that the modeling 
technique will accurately represent a human knee FODW in size and overall geometry.   
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Ridges in the CAD the model of the 6 DOF test specimen FODW could possibly 
be eliminated by changing the data points used in the surface grid.  However, when the 
workspaces of knee joints are modeled, the user will have no way to determine if the 
created CAD model is the most accurate model attainable using the given data set.  Flaws 
in the model show the inaccuracy of the multi-surface IP curve technique.   
Canine knees have more soft-tissue constraining ligaments, creating a more 
rugged constraint system.  Nonetheless, it will be acceptable to use them in showing that 
a multi-ligament constraint system allows for both fixed and variable displacement 
workspaces.  In addition, the canine knees will allow proper validation of the station.   
6.2. Recommendations for Future Research 
A limitation of the Armtalk software is the lack of real-time feedback during 
testing.  The user is left to guess if enough points have been collected to accurately 
represent a desired FODW.  The accuracy of a FODW model could be increased by 
increasing the number of points input to the CAD model.  Future testing will be required 
to determine the ideal number of data points in a FODW data set.  Also, the Armtalk 
program could be altered to perform the calculations of the spreadsheet as data is 
collected and display coordinates, orientation, joint force and moment during the test.   
A key aspect in this ongoing research will be continuously linking it to the latest 
technology and searching for better data sources.  The bone geometry mapping 
techniques used by Fuller (2001) and Schreiber (1997) should be used to calculate a 
theoretical FODW for each physical workspace modeled.  Future CT scans will have 
higher resolution.  With this, more efficient bone geometry mapping programs can be 
written.  When the modeling process is repeated, ligament lengths should be determined 
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using CT scans of the knee at several different orientations.  Then, only the maximum 
computed lengths for the ligaments should be used.  This will reduce the possibility of 
under calculating the ligament lengths. 
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Appendix A 
 
Operating the Displacement Workspace Test Station 
 
1) Start the application by double clicking the Armtalk.exe shortcut on the desktop.  
The application window in Figure A.1 will open. 
 
Figure A.1: The main Armtalk application window is shown here. 
 
2) Click “Connect.” A window, shown in Figure A.2, will prompt the user to home 
the arm. 
 
Figure A.2: Armtalk prompts the user to home the arm. 
 
a. If the Microscribe has been properly homed since the computer was turned 
on and the light on the base of the Microscribe is green click “no” and 
move to step 4. 
b. If the light on the base of the Microscribe is red or the light is green but 
the Microscribe may not have been in the correct position when it was last 
homed it should be homed now.  Continue to step 3.   
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3) To home the Microscribe, select “yes” and the window shown in A.3 will appear. 
 
Figure A.3: The Microscribe must be in the proper home position. 
 
a. Screw in the original Microscribe tip, Figure A.4. 
 
Figure A.4: The original Microscribe tip is shown 
here disconnected. 
 
b. Put the Microscribe in the home position, shown in Figure A.5.   
 
Figure A.5: The Microscribe coordinate axes are on the right.  The 
load cell coordinate axes are under the Femur mount. 
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4) Armtalk will attempt to connect to the Microscribe. 
a. If the program connects properly, skip to step 5.   
b. If the program fails to connect the window in Figure A.6 will appear.  
Select “OK” then check the Microscribe connections and repeat step 2.  If 
this error occurs more than 3 times, reboot the computer to reset the 
Microscribe software. 
 
Figure A.6: Armtalk has failed to connect to the Microscribe .dll file. 
 
5) Armtalk will attempt to connect to the load cell.  The window in Figure A.7 will 
appear. 
 
Figure A.7: The load cell must be disconnected from the apparatus. 
 
a. Disconnect the load cell from the apparatus and be sure there are no 
foreign objects applying force of moment to the load cell. 
b. Click “Ok.”  
c. If the program connects successfully the main application window will 
look like Figure A.8.  Move to step 6. 
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Figure A.8: Armtalk is connected and ready for operation. 
 
d. If Armtalk does not successfully connect to the load cell, the window in 
Figure A.9 will appear.  Click “Ok” then return to step 2.  This time the 
arm does not need to be homed.  If the failure to connect error occurs more 
than 3 times, reboot the computer to reset the load cell software. 
 
Figure A.9: Armtalk has failed to connect to the load cell 
software. 
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6) Reattach the load cell into the Test Station as shown in the Figure A.10.  Torque 
all of the load cell mounting screws to 45 in-lb. 
 
 
Figure A.10: The load cell is mounted in the test station. 
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7) Without rotating the stylus of the Microscribe about the Microscribe z axis 
(Figure A.5), unscrew the original tip and attach the Microscribe to the apparatus 
as shown in Figure A.11. 
 
 
Figure A.11: The Microscribe is attached to the test station. 
 
8) Screw the knee specimen into assembly using the four set screws in each 
aluminum mounting bracket. 
a. Right knee:  The bones must be initially positioned such that internal 
rotation is positive rotation about the x axis, adduction is positive rotation 
about the y axis, and flexion is positive rotation about the z axis.  The 
Microscribe axes are as defined in Figure A.5. 
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b. Left knee:  The bones must be initially positioned such that external 
rotation is positive rotation about the x axis, abduction is positive rotation 
about the y axis, and flexion is positive rotation about the z axis.  The 
Microscribe axes are as defined in Figure A.5. 
c. Measure the distance to the femoral condoyles from the load cell 
according to the load cell coordinate axes shown in Figure A.5.  This 
information will be used in the data processing spreadsheet. 
9) Begin collecting data points.   
a. The first data point recorded should be with no forces or moments acting 
across the joint.  This first data point is used as a reference for the data 
processing spreadsheet.  For accuracy, the first point should be collected 
by pressing the either of the Microscribe pedals, shown in Figure A.12.   
 
Figure A.12: These pedals connect directly to the Microscribe. 
 
b. If pedal pressing is the preferred data collecting technique, begin pressing 
the pedals to record data.  One point will be recorded each time either 
pedal is pressed. 
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c. To automatically record data at 2 Hz, select “Time Poll (0.5s).”  As soon 
as this option is selected, the main application window will look like 
Figure A.13.  The program will immediately begin recording data.  
 
Figure A.13: Armtalk is collecting data at 2 Hz. 
d. At any time during the test, the method of data recording can be changed 
by clicking the method of choice in the application window. 
e. During a single test, data can be collected for multiple FODW.  The 
spreadsheet template can separate data for various FODW. 
10) When enough data has been collected click “disconnect.”  The application 
window should show both devices disconnected as in the Figure A.14. 
 
Figure A.14: Armtalk has disconnected from the load cell 
and the Microscribe software. 
11) To close the program click “Stop.” 
a. The main application window will disappear. 
b. At this time the data is automatically saved to a file “movementtest.txt”.  
A shortcut to this file can be found on the desktop. 
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Appendix B 
Processing data from the Displacement Workspace Test Station 
1)  Open movementtest.txt using Microsoft Notepad.  The file should look like 
Figure B.1. 
Figure B.1: This is a 12 data point text file. 
 
2)  Save the data file under a new name in a more accessible location.  As soon as 
Armtalk is run again the original data file will be rewritten. 
3) Open Microsoft Excel. 
a. Select “Open” from the File menu. 
b. Under “Files of Type” select “All files.” 
c. Open the .txt file from step 2.  This will open the “Text Import Wizard.” 
i. Select “Set as delimited” then click “Next.” 
ii. Set the delimiters as “tab” and “comma.”  Click “Next” then click 
“Finish.”  The file should look like Figure B.2. 
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Figure B.2: This is a 12 data point excel spreadsheet. 
 
4) Copy all 12 columns of data and paste them into cell Q4 of “Right Knee 
Template” or “Left Knee Template” found on the desktop.  The file should look 
like Figure B.3. 
Figure B.3: This is “Right Knee Template” with a 12 point data set pasted in. 
 
5) Answer the spreadsheet questions in red to sort out data points for one FODW.  
Refer to appendix E for a complete explanation of this spreadsheet.   
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6) The spreadsheet will automatically list in blue the data points that meet the red 
criteria.  This data should be cut and paste into its own file.  Repeat steps 5 and 6 
for as many FODWs as desired. 
7) To input the points into Rhinoceros 6.0, that respective column simply has to be 
copied and paste into the command line of Rhinoceros. 
8) One of the techniques described in Chapter 4.4. should be used to model the 
individual FODW. 
 
 70
Appendix C 
Bone Mounting Fixture 
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Appendix D 
Load Cell Schematics 
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Appendix E 
Excel Template Explanation 
The following descriptions correspond to the highlighted boxes labeled in Figure E.1. 
 
 
Figure E.1:  This is the Excel Spreadsheet “Right Knee Template.” 
 
1) These are questions that should be answered by the user.  The angles of 
interest should be listed here in degrees.  Only points that meet the angular 
requirements listed here will be displayed in blue under box 8, 9, and 10. 
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2) These are questions that should be answered by the user.  The acceptable 
subject load and moment should be input in lb and in-lb.  This is vector sum 
of the loads and moments acting on the joint at the 3D location specified in 
box 3.  Only points that meet the acceptable subject load and moment listed 
here will be displayed in blue under box 8, 9, and 10. 
3) Here, the 3D location of the femoral condoyles should be input in inches.  
This location should be in the load cell coordinate axis as shown in Figure E2. 
4-5) The forces and moments listed here are those acting on the load cell in the 
first data point.  No load should be acting across the joint in the first data 
point, therefore these loads are assumed to be the result of the weight of the 
femur and the femur mounting bracket as well as internal stresses in the load 
cell from mounting it to the apparatus.  These forces and moments are 
automatically calculated by the spreadsheet using the raw data from the first 
data point multiplied by the scaling factor in box 6.  If the first data point does 
not represent zero load across the joint free loads can be manually input by the 
user by deleting the formula and typing in a load.   
6) These scale factors, when multiplied by the raw data from the load cell, give 
the loads in lb and in-lb.  As the load cell is constantly attached and removed 
from the apparatus, slight permanent deformation can occur to the load cell 
frame.  The static force and moment calibrations found in the excel 
spreadsheet template should be occasionally recalculated. 
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7) This number is automatically calculated by the spreadsheet.  It shows the total 
number of points that meet the orientation and load criteria and are listed in 
blue under boxes 8, 9, and 10. 
8) The reference number listed here will be the point’s original number in the 
data set as listed below box 12.  Reference numbers are listed are listed under 
box 8 only if the counter in box 20 shows the reference number of the point.  
The counter in box 20 has its own criteria. 
9) All points that meet the angular and load criteria are listed below here.  The 
spreadsheet knows to list a point if the reference number for the point is listed 
below box 8.  The position, orientation, and joint loading shown in these 
columns are the copied values from boxes 12-18.  The points x, y, and z 
position are in Microscribe coordinates, shown in Figure E2.  
10) This is the script required to input points into Rhinoceros 3D.  Hundreds of 
points can be input simultaneously into a Rhinoceros drawing by copying and 
pasting this column.  The script takes the x, y, z, data from box 9 and puts it in 
the form: “ _point -x,y,z ” 
11) This cell is where the data from the file “movementtest.txt” should be pasted.  
This first row should be data labels from this file. 
12) This box is where the numerical data from the file “movementtest.txt” should 
start. 
13) This column will display the Rotation, Adduction, and Flexion of the joint, 
copied directly from the raw data in box 12. 
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14) This box will read “yes” if the angles of box 13 meet the criteria defined in 
box 1 and “no” if not. 
15) This box shows the actual forces acting on the joint.  Calculated: 
xfxrF FFSFx −⋅=  
yfyrF FFSFy −⋅=  
zfzrF FFSFz −⋅=  
Fx Fy Fz are the forces acting on the joint in the x, y, z, directions 
SF is the force scaling factor; box 6 
Fxr Fyr Fzr are the raw forces x, y, z; box 12 
Fxf Fyf Fzf are the “free” calibration forces x, y, z; box 4 
16) This box shows the sum of the forces acting on the joint.  It is calculated as 
the sum of the squares of the forces in box 15. 
17) This box shows the moments acting on the joint.  Calculated: 
zyayzaxfMxr DFDFMSMMx ⋅+⋅−−⋅=  
xzazxayfMyr DFDFMSMMy ⋅+⋅−−⋅=  
yxaxyazfMzr DFDFMSMMz ⋅+⋅−−⋅=  
Mx My Mz are moments acting on the joint in x, y, z, directions 
Mxr Myr Mzr are the raw moments x, y, z; box 12 
SM is the moment scaling factor; box 6 
Mxf Myf Mzf are the “free” calibration moments x, y, z; box 4 
Fxa Fya Fza are actual x, y, z forces acting on the joint; box 15 
Dx Dy Dz are distances x, y, z from the load cell to the femoral condoyle; box 3 
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18) This box shows the sum of the moments acting on the joint.  It is calculated as 
the sum of the squares of the moments in box 17. 
19) This box will read “yes” if the forces and moments of boxes 16 and 18 meet 
the criteria defined in box 2 and “no” if not. 
20) If the data point meets both orientation and joint load criteria this box will 
show its reference number.  If both boxes 14 and 19 show “yes” this box 
shows the value from column P.   
Figure E2:  The Microscribe coordinate axes are on the right.  The load cell coordinate 
axes are under the Femur mount. 
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Appendix F 
C++ Visual Basic Script “Armtalk” 
// ArmTalkDlg.cpp : implementation file 
// 
 
#include "stdafx.h" 
#include "ArmTalk.h" 
#include "ArmTalkDlg.h" 
 
#include "jr3pci_ft.h" 
 
#ifdef _DEBUG 
#define new DEBUG_NEW 
#undef THIS_FILE 
static char THIS_FILE[] = __FILE__; 
#endif 
 
///////////////////////////////////////////////////////////////////////////// 
// CAboutDlg dialog used for App About 
 
class CAboutDlg : public CDialog 
{ 
public: 
 CAboutDlg(); 
 
// Dialog Data 
 //{{AFX_DATA(CAboutDlg) 
 enum { IDD = IDD_ABOUTBOX }; 
 //}}AFX_DATA 
 
 // ClassWizard generated virtual function overrides 
 //{{AFX_VIRTUAL(CAboutDlg) 
 protected: 
 virtual void DoDataExchange(CDataExchange* pDX);    // DDX/DDV support 
 //}}AFX_VIRTUAL 
 
// Implementation 
protected: 
 //{{AFX_MSG(CAboutDlg) 
 //}}AFX_MSG 
 DECLARE_MESSAGE_MAP() 
}; 
 
CAboutDlg::CAboutDlg() : CDialog(CAboutDlg::IDD) 
{ 
 //{{AFX_DATA_INIT(CAboutDlg) 
 //}}AFX_DATA_INIT 
} 
 
void CAboutDlg::DoDataExchange(CDataExchange* pDX) 
{ 
 CDialog::DoDataExchange(pDX); 
 //{{AFX_DATA_MAP(CAboutDlg) 
 //}}AFX_DATA_MAP 
} 
 
BEGIN_MESSAGE_MAP(CAboutDlg, CDialog) 
 //{{AFX_MSG_MAP(CAboutDlg) 
  // No message handlers 
 //}}AFX_MSG_MAP 
END_MESSAGE_MAP() 
 
IMPLEMENT_DYNAMIC(CArmTalkDlg, CDialog); 
///////////////////////////////////////////////////////////////////////////// 
// CArmTalkDlg dialog 
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CArmTalkDlg::CArmTalkDlg(CWnd* pParent /*=NULL*/) 
 : CDialog(CArmTalkDlg::IDD, pParent) 
{ 
 //{{AFX_DATA_INIT(CArmTalkDlg) 
 m_iRecordChoice = 1; 
 m_sArmMsg = _T("Arm: Disconnected"); 
 m_sLoadCellMsg = _T("LoadCell: Disconnected"); 
 //}}AFX_DATA_INIT 
 // Note that LoadIcon does not require a subsequent DestroyIcon in Win32 
 m_hIcon = AfxGetApp()->LoadIcon(IDR_MAINFRAME); 
} 
 
void CArmTalkDlg::DoDataExchange(CDataExchange* pDX) 
{ 
 CDialog::DoDataExchange(pDX); 
 //{{AFX_DATA_MAP(CArmTalkDlg) 
 DDX_Radio(pDX, IDC_TimePoll, m_iRecordChoice); 
 DDX_Text(pDX, IDC_ArmMsg, m_sArmMsg); 
 DDX_Text(pDX, IDC_LoadCellMsg, m_sLoadCellMsg); 
 //}}AFX_DATA_MAP 
} 
 
BEGIN_MESSAGE_MAP(CArmTalkDlg, CDialog) 
 //{{AFX_MSG_MAP(CArmTalkDlg) 
 ON_WM_SYSCOMMAND() 
 ON_WM_PAINT() 
 ON_WM_QUERYDRAGICON() 
 ON_BN_CLICKED(IDC_Connect, OnConnect) 
 ON_BN_CLICKED(IDC_TimePoll, OnTimePoll) 
 ON_BN_CLICKED(IDC_ButtonPress, OnButtonPress) 
 //}}AFX_MSG_MAP 
 ON_MESSAGE(UM_NEWDATA, OnNewData) 
 ON_WM_TIMER() 
END_MESSAGE_MAP() 
 
///////////////////////////////////////////////////////////////////////////// 
// CArmTalkDlg message handlers 
 
BOOL CArmTalkDlg::OnInitDialog() 
{ 
 CDialog::OnInitDialog(); 
 
 // Add "About..." menu item to system menu. 
 
 // IDM_ABOUTBOX must be in the system command range. 
 ASSERT((IDM_ABOUTBOX & 0xFFF0) == IDM_ABOUTBOX); 
 ASSERT(IDM_ABOUTBOX < 0xF000); 
 
 CMenu* pSysMenu = GetSystemMenu(FALSE); 
 if (pSysMenu != NULL) 
 { 
  CString strAboutMenu; 
  strAboutMenu.LoadString(IDS_ABOUTBOX); 
  if (!strAboutMenu.IsEmpty()) 
  { 
   pSysMenu->AppendMenu(MF_SEPARATOR); 
   pSysMenu->AppendMenu(MF_STRING, IDM_ABOUTBOX, strAboutMenu); 
  } 
 } 
 
 // Set the icon for this dialog.  The framework does this automatically 
 //  when the application's main window is not a dialog 
 SetIcon(m_hIcon, TRUE);   // Set big icon 
 SetIcon(m_hIcon, FALSE);  // Set small icon 
  
 m_acInstance = NULL; 
 memset(&m_armData, 0, sizeof(arm_rec)); 
 m_fp = NULL; 
 m_buttonPress = FALSE; 
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 m_bLoadCellInitiated = FALSE; 
 m_bArmInitiated = FALSE; 
  
 return TRUE;  // return TRUE  unless you set the focus to a control 
} 
 
void CArmTalkDlg::OnSysCommand(UINT nID, LPARAM lParam) 
{ 
 if ((nID & 0xFFF0) == IDM_ABOUTBOX) 
 { 
  CAboutDlg dlgAbout; 
  dlgAbout.DoModal(); 
 } 
 else 
 { 
  CDialog::OnSysCommand(nID, lParam); 
 } 
} 
 
// If you add a minimize button to your dialog, you will need the code below 
//  to draw the icon.  For MFC applications using the document/view model, 
//  this is automatically done for you by the framework. 
 
void CArmTalkDlg::OnPaint()  
{ 
 if (IsIconic()) 
 { 
  CPaintDC dc(this); // device context for painting 
 
  SendMessage(WM_ICONERASEBKGND, (WPARAM) dc.GetSafeHdc(), 0); 
 
  // Center icon in client rectangle 
  int cxIcon = GetSystemMetrics(SM_CXICON); 
  int cyIcon = GetSystemMetrics(SM_CYICON); 
  CRect rect; 
  GetClientRect(&rect); 
  int x = (rect.Width() - cxIcon + 1) / 2; 
  int y = (rect.Height() - cyIcon + 1) / 2; 
 
  // Draw the icon 
  dc.DrawIcon(x, y, m_hIcon); 
 } 
 else 
 { 
  CDialog::OnPaint(); 
 } 
} 
 
// The system calls this to obtain the cursor to display while the user drags 
//  the minimized window. 
HCURSOR CArmTalkDlg::OnQueryDragIcon() 
{ 
 return (HCURSOR) m_hIcon; 
} 
 
void CArmTalkDlg::OnConnect()  
{ 
 CWaitCursor wc; 
 
 if (m_bArmInitiated && m_bLoadCellInitiated) 
 { 
  if (m_acInstance) 
  { 
   if (m_iRecordChoice) 
    KillTimer(11); 
   m_acInstance->DestroyWindow(); 
   delete m_acInstance; 
   m_acInstance = NULL; 
   m_sArmMsg = "Arm: Disconnected"; 
  } 
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  close_jr3(); 
  m_bArmInitiated = m_bLoadCellInitiated = FALSE; 
  GetDlgItem(IDC_Connect)->SetWindowText("Connect"); 
  m_sLoadCellMsg = "LoadCell: Disconnected"; 
  UpdateData(FALSE); 
  return; 
 } 
 
 if (!m_bArmInitiated) 
 { 
  m_acInstance = new CArmCtrl(); 
  if( m_acInstance->CreateEx(WS_EX_CLIENTEDGE, 
     _T("#32768"),"DataWindow", 
     WS_POPUPWINDOW | WS_CAPTION | WS_OVERLAPPED, 
     5, 5, 90, 90, NULL, NULL) ) 
  { 
   BOOL bRes = m_acInstance->Connect(); 
   if(bRes) 
   { 
    if (MessageBox("Do you want us to home the arm?", "Arm Initialization", MB_YESNO) 
== IDYES) 
    { 
     MessageBox("Be sure arm is in home position and then hit OK."); 
     ArmSetSoftHome(); 
    } 
    m_fp = fopen("movementtest.txt", "w"); 
    if (!m_fp) 
     MessageBox("ERROR!!!!!!! Failed to open output file!!!!"); 
    else 
    { 
     fprintf(m_fp, "TipX, TipY, TipZ, OrientX, OrientY, OrientZ, "); 
//     fprintf(m_fp, "Joint1, Joint2, Joint3, Joint4, Joint5, Joint6, "); 
     fprintf(m_fp, "FX, FY, FZ, MX, MY, MZ\n"); 
    } 
    m_bArmInitiated = TRUE; 
    m_sArmMsg = "Arm: Connected"; 
 //   GetProductInfo(); 
   } 
   else 
   { 
    m_acInstance->DestroyWindow(); 
    delete m_acInstance; 
    m_acInstance = NULL; 
    m_bArmInitiated = FALSE; 
    m_sArmMsg = "Arm: Disconnected"; 
   } 
  } 
 } 
 UpdateData(FALSE); 
 InitLoadCell(); 
 if (m_bArmInitiated && m_bLoadCellInitiated) 
 { 
  GetDlgItem(IDC_Connect)->SetWindowText("Disconnect"); 
  if (m_iRecordChoice == 0) 
   SetTimer(11, 500, NULL); 
 } 
 else 
  GetDlgItem(IDC_Connect)->SetWindowText("Connect"); 
 UpdateData(FALSE); 
} 
 
void CArmTalkDlg::InitLoadCell()  
{ 
 CString msg,msg1; 
 int a; 
 DWORD vendor_ID=0x1762, device_ID=0x1111; 
 short nump=1, bnum=1, pnum=0; 
 int ncount=0; 
// short serialNo; 
 struct six_axis_array off; 
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 MessageBox("Be sure loadcell is disconnected or current load is negligible.  Loadcell will \"zero\" current load."); 
 if (!m_bLoadCellInitiated) 
 { 
  a=init_jr3(vendor_ID, device_ID, bnum,nump,1); 
  if (a < 0) 
  { 
   if (a==-96) 
    msg.Format("LoadCell::Download Error. %d",a); 
   if (a==-92) 
    msg.Format("LoadCell::Windriver version error: %d",a); 
   if (a==-93) 
    msg.Format("LoadCell::PCI Card Not Found: %d",a); 
   if (a==-94) 
    msg.Format("LoadCell::Card Not In Range: %d",a); 
   if (a==-95) 
    msg.Format("LoadCell::Failed Locking PCI Card (already in use): %d",a); 
   if (a==-91) 
    msg.Format("LoadCell::Failled to open Handle to Windriver ... run wdreg"); 
   if (a==-90) 
    msg.Format("LoadCell::IDM file with DSP code not found."); 
    
   
   MessageBox(msg); 
   return; 
  } 
  ::Sleep(6000); 
  off = read_offsets(pnum); 
/*  while ((off.fx == 0) && (ncount < 8)) 
  { 
   ::Sleep(6000); 
   off = read_offsets(pnum); 
   ++ncount; 
  }*/ 
  if (off.fx == 0) 
  { 
   msg.Format("Failed to read from shared memory with LoadCell hardware."); 
   MessageBox(msg); 
   close_jr3(); 
   m_bLoadCellInitiated = FALSE; 
   m_sLoadCellMsg = "LoadCell: Disconnected"; 
  } 
  else 
  { 
//   TRACE("Loop count = %d\n", ncount); 
   m_bLoadCellInitiated=TRUE; 
   m_sLoadCellMsg = "LoadCell: Connected"; 
  } 
/*  serialNo = read_jr3(SERIAL_N,pnum); 
  while ((serialNo != 1575) && (ncount < 10000)) 
  { 
   serialNo = read_jr3(SERIAL_N,pnum); 
   ++ncount; 
  } 
  if (serialNo != 1575) 
  { 
   msg.Format("Failed to read from shared memory with JR3 hardware. (%d, %d)", serialNo, ncount); 
   MessageBox(msg); 
   close_jr3(); 
   m_bLoadCellInitiated = FALSE; 
  } 
  else 
   m_bLoadCellInitiated=TRUE;*/ 
 }  
/* else 
 { 
  close_jr3(); 
  m_bLoadCellInitiated=FALSE; 
 }*/ 
} 
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void CArmTalkDlg::OnTimer(UINT nIDEvent)  
{ 
 if (11 == nIDEvent && m_acInstance) 
 { 
  RecordData(); 
 } 
  
 CDialog::OnTimer(nIDEvent); 
} 
 
void CArmTalkDlg::RecordData() 
{ 
    struct force_array off; 
 int ncount=0; 
 
 m_l3TipPosition = m_acInstance->GetTipPosition(); 
 m_a3TipOrientation = m_acInstance->GetTipOrientation(); 
 m_acInstance->GetJointAngles(m_arJointAngles); 
 
 off = read_ftdata(FILTER2,0); 
 while ((off.fx == 0) && (off.fy == 0) && (off.fz == 0) && (ncount < 1000)) 
 { 
  ++ncount; 
  off = read_ftdata(FILTER2,0); 
 } 
 if (m_fp) 
 { 
  fprintf(m_fp, "%f, %f, %f, %f, %f, %f, ",  
   m_l3TipPosition.x, m_l3TipPosition.y, m_l3TipPosition.z, 
   m_a3TipOrientation.x, m_a3TipOrientation.y, m_a3TipOrientation.z); 
//  fprintf(m_fp, "%f, %f, %f, %f, %f, %f, ", 
//   m_arJointAngles[0], m_arJointAngles[1], m_arJointAngles[2], 
//   m_arJointAngles[3], m_arJointAngles[4], m_arJointAngles[5]); 
  fprintf(m_fp, "%d, %d, %d, %d, %d, %d\n",  
   off.fx, off.fy, off.fz, off.mx, off.my, off.mz); 
 } 
} 
 
void CArmTalkDlg::OnNewData(DWORD wParam, DWORD lParam) 
{ 
 DWORD buttonState; 
 BOOL bButton1=FALSE, bButton2=FALSE; 
 
 if (m_acInstance) 
 { 
  buttonState = m_acInstance->GetButtonsState(); 
  bButton1 = ((buttonState & 0x00000001) > 0); 
  bButton2 = ((buttonState & 0x00000002) > 0); 
  if (bButton1 || bButton2) 
  { 
   if (!m_buttonPress) 
   { 
    m_buttonPress = TRUE; 
    RecordData(); 
   } 
  } 
  else 
   m_buttonPress = FALSE; 
 } 
} 
 
BOOL CArmTalkDlg::DestroyWindow()  
{ 
 if (m_iRecordChoice) 
  KillTimer(11); 
 
 if(m_acInstance) 
 { 
  m_acInstance->DestroyWindow(); 
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  delete m_acInstance; 
  m_acInstance = NULL; 
 } 
 if (m_bLoadCellInitiated) 
 { 
  close_jr3(); 
  m_bLoadCellInitiated=FALSE; 
//  InitLoadCell(); 
 } 
 if (m_fp) 
  fclose(m_fp); 
  
 return CDialog::DestroyWindow(); 
} 
 
void CArmTalkDlg::OnTimePoll()  
{ 
 int iOldSel=m_iRecordChoice; 
 
 if (UpdateData()) 
 { 
  if (m_bArmInitiated && m_bLoadCellInitiated) 
  { 
   if (iOldSel != m_iRecordChoice) 
   { 
    SetTimer(11, 500, NULL); 
   } 
  } 
 } 
} 
 
void CArmTalkDlg::OnButtonPress()  
{ 
 int iOldSel=m_iRecordChoice; 
 
 if (UpdateData()) 
 { 
  if (m_bArmInitiated && m_bLoadCellInitiated) 
  { 
   if (iOldSel != m_iRecordChoice) 
   { 
    KillTimer(11); 
   } 
  } 
 } 
} 
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